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ABSTRACT
Modeling Migration and Citizen-Science Data to Estimate Golden Eagle Abundance in
Eastern North America
Andrew J. Dennhardt
Understanding animal movements is fundamental to ecology and conservation, yet direct
measurement of movements of birds is both challenging and costly. Raptor populations are
especially difficult to monitor, but movement models can provide information toward this goal.
The golden eagle (Aquila chrysaetos canadensis) in eastern North America is a species of
regional conservation concern, and little is known about its population ecology, movements, or
behavior. Because of their rarity and role as apex predators, improving monitoring of this small
population is of great importance. Similar to using movement models to help improve
monitoring, developing new methods to estimate the size of wildlife populations is also
important to ecology and conservation. In fact, building an understanding of population
demography is often the primary goal of monitoring programs. However, the vagility of many
organisms can have significant impacts on population-level monitoring by affecting survey
methods and demographic estimates. Demographic analyses, which may require large amounts
of data collected over time, are often expensive to collect and maintain. Citizen-science data
often involve extensive effort but limited cash expenditures. In the case of hawk-counts in the
USA, these data are both standardized and maintained by the Hawk Migration Association of
North America. To date, hawk-count data have yet to be used to estimate species population
size.
In my first chapter, I simulated autumn migration of golden eagles in Pennsylvania, USA
based on regional topography, eagle flight behaviors, estimated uplift, and a principal axis of
migration. In total, I modeled 6,094 flight routes, averaging 2,191 (± 1,281; ± SD; range: 3 –
5,373) moves. I found that 71% of my simulations intersected the Ridge and Valley
physiographic province of the central Appalachians. Simulations were spatially comparable to
historic, flight route data collected via telemetry. In my model, orographic uplift was
significantly stronger and more frequently occurring than thermal uplift (Welch’s two-sample t =
-560.13, df = 43,059,702, p < 0.0001), and uplift values were not correlated with the number of
simulated movements (orographic, Pearson’s r = -0.015 and thermal, r = 0.003). I used output
from my simulations to select sites and collect field data in new areas concentrating golden
eagles on migration. This not only preliminarily verified my modeled predictions, but it also
allowed me to locate new, potential monitoring sites for migrant golden eagles. I also compared
output from my migration model to that of another model, to evaluate the influence of
topography, spatial relationships with hawk-count sites, and role of scale in modeling migration.
In my second chapter, I evaluated the utility of hawk-count data for population size
estimation of golden eagles migrating in eastern North America. I used my computer model

from the first chapter to simulate migratory flights of eagles to assess what proportion of the
population is available to be counted at hawk-counts in Pennsylvania, USA. I then conducted a
mark-recapture analysis to estimate mean detectability of migrating eagles and mean local
abundance along an important migration corridor. Finally, I used estimates of availability and
detectability to adjust data from hawk-count sites to derive regional estimates of population size.
Mean (± SD) availability of golden eagles to hawk-count sites was 0.240 (± 0.140; range: 0.040
– 0.440). I estimated mean detectability as 0.073 (± 0.010; range: 0.048 – 0.109). Previous
estimates of population size for golden eagles in eastern North America were 1000 – 5000.
All of my population estimates far exceeded that of previous approximations. When
using detection rates from recent literature, only then were my estimates < 5,000 individuals.
Using my estimates of availability and detectability, mean population size was more than five
times larger than the maximum previous estimate. My smallest estimate was three times larger
than the previous maximum estimate. Larger estimates were driven by the low availability and
detectability of birds passing by hawk-counts. Overall, this work suggests that (a) detection
estimates need to be improved, (b) the majority of migrating golden eagles in eastern North
America are not counted at hawk-count sites, and (c) previous population estimates for this
species are likely low—possibly, greatly so. This exercise demonstrates the utility of using
citizen-science data in concert with movement models to address a pressing conservation goal:
estimating population size for species of regional concern. My research contributes to current
scientific knowledge through development of a novel, cost-effective method for modeling
migration patterns and abundance of a rare, low-density raptor species.
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ABSTRACT
Understanding animal movements is fundamental to ecology and conservation, yet direct
measurement of movements of birds is both challenging and costly. Raptor populations are
especially difficult to monitor, but movement models can provide information toward this goal.
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The golden eagle (Aquila chrysaetos canadensis) in eastern North America is a species of
regional conservation concern, and little is known about its population ecology, movements, or
behavior. Because of their rarity and role as apex predators, improving monitoring of this small
population is of great importance. We simulated autumn migration in Pennsylvania, USA based
on regional topography, eagle flight behaviors, estimated uplift, and a principal axis of
migration. In total, we modeled 6,094 flight routes, averaging 2,191 (± 1,281; ± SD; range: 3 –
5,373) moves. Simulations were spatially comparable to historic, flight route data collected via
telemetry. In our model, orographic uplift was stronger and more frequent than thermal uplift
(Welch’s two-sample t = -560.13, df = 43,059,702, p < 0.0001), and uplift values were not
correlated with the number of simulated movements (orographic, Pearson’s r = -0.015 and
thermal, r = 0.003). We used output from our simulations to select sites and collect field data in
new areas concentrating golden eagles on migration. This not only verified our modeled
predictions, but it also allowed us to locate new, potential monitoring sites for migrant golden
eagles. We also compared output from our migration model to that of an existing model that
simulates raptor migration, to evaluate the influence of topography, spatial relationships with
hawk-count sites, and role of scale in modeling migration. This work contributes to current
scientific knowledge through development of a novel, cost-effective method for modeling
migration patterns of a rare, low-density raptor species.
KEYWORDS
Aquila chrysaetos, golden eagle, Hawk Migration Association of North America, movement
model, Pennsylvania, raptor migration

17

1.

INTRODUCTION
Movement ecology seeks to explain the intrinsic and extrinsic factors that influence

movements and spatial distributions of animals (Nathan et al., 2008). Many bird populations
worldwide are characterized, in part, by their migratory behavior (Mandel et al., 2008, Zalles and
Bildstein, 2000). Migratory behaviors are often expansive in scale, and such behaviors can have
real consequences on population biology. For example, for some species, most mortality occurs
during migration (Newton, 2010, Sillett and Holmes, 2002). Consequently, this period is
important for study and monitoring of species of conservation concern (Ainslie et al., 2013,
Bildstein, 2006, Dunn and Hussell, 1995, Farmer et al., 2010, Sattler and Bart, 1984, Thorup et
al., 2006).
Monitoring is difficult when focal populations are composed of secretive, low-density
individuals. Birds are highly vagile and change their behaviors in breeding and non-breeding
seasons; therefore, analyzing their movements can be challenging. These challenges are
compounded when individuals are sensitive to human activity and when conservation efforts are
inhibited by logistics and finances (Zalles and Bildstein, 2000). Among birds, raptors present
some of the most significant monitoring challenges. Birds of prey are not highly vocal, and they
are also elusive, generally staying out of sight of humans. Monitoring their populations can be
important to effective conservation management because birds of prey are apex predators that are
often indicative of ecosystem health (Bildstein, 2001, Rodríguez-Estrella et al., 1998, Sergio et
al., 2005, 2006, 2008).
During migration, raptors are monitored at hawk-count sites, often where the landscape
concentrates their flights (Geyer von Schweppenburg, 1963, Kerlinger, 1989, Zalles and
Bildstein, 2000). Concentration points allow for more efficient data collection, and in some
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circumstances, hawk-count data can provide demographic estimates for ecological and
management applications. For example, hawk-counts are used to estimate trends in raptor
populations and to make inference about demographic parameters such as population size (Hawk
Migration Association of North America, 2004, Hull et al., 2010, Lewis and Gould, 2000).
Because hawk-count data are so readily available, using them in concert with movement models
may lead to important insights into where individuals migrate and how populations might best be
monitored in time and space.
Golden eagles (Aquila chrysaetos canadensis) are rarely observed in eastern North
America and little is known about their population ecology, movements, and behavior (Katzner
et al., 2012a, Kochert and Steenhof, 2002). Eastern golden eagles breed in remote areas of
northeastern provinces of Canada, and most migrate through the central Appalachian Mountains
to overwinter in the eastern United States (Brodeur and Morneau, 1999, Brodeur et al., 1996,
Millsap and Vana, 1984, Morneau et al., 1994). Despite reports of continental population
declines (Hoffman and Smith, 2003, Smith et al., 2008), there are hints that the size of this
eastern subpopulation may be increasing (Farmer and Smith, 2010, Farmer et al., 2008).
However, the number of individuals in this population is unknown.
Although eastern golden eagles are rare and difficult to study on their remote breeding
grounds, but they are counted in the hundreds at hawk-count sites throughout the Appalachian
region. Therefore, hawk-count data may provide a foundation for insight toward conservation
management of this species. The main objective of this study was to use simulation models to
evaluate southbound golden eagle migration within central Appalachia and to relate spatial
patterns in those movements to the locations of existing hawk-count sites. Previous models of
golden eagle movements have focused on migration influenced by one form of uplift (Brandes

19

and Ombalski, 2004). Due to recent evidence implicating a role for multiple flight modes, we
designed our computer model with multiple forms of uplift to simulate eagle migration in the
central Appalachians (Duerr et al., 2012, Lanzone et al., 2012). We then used this model to
answer the following questions: 1) how does regional topography and weather influence eagle
migration routes? and 2) are there gaps in the spatial distribution of hawk-count sites where
migrant eagles are concentrating, which could support new hawk-count sites?
2.

MATERIALS AND METHODS

2.1

Study area and focal species
Eastern golden eagles breed in multiple northeastern provinces of Canada (Kochert et al.,

2002, Watson, 2010). Each autumn, this migratory population is funneled through the central
Appalachian Mountains, and individuals frequently use orographic and thermal uplift in this area
to subsidize their long-distance flights (Duerr et al., 2012). We focused our research on an area
of the central Appalachians roughly defined by the state of Pennsylvania, USA (Figure 1-1).
Topography in Pennsylvania is diverse and includes long-linear ridges, lowland valleys, forested
highlands, and mountain foothills spread throughout multiple physiographic provinces (United
States Forest Service, 2012). Local, autumn weather is temperate, windy, and overcast. Easterly
and westerly winds are most prevalent, and both interact with the steep topography of mountain
ridges to generate orographic uplift, which the eagles use in slope-soaring flight (Bohrer et al.,
2012). On warmer days with little wind, downward solar radiation heats the land surface and
produces thermal uplift, which the eagles use in thermal-soaring and gliding flight (Duerr et al.,
2012). Eastern golden eagles move through central Appalachia in large numbers, with peak
migration occurring in November (Katzner et al., 2012a, 2012b).
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2.2

Model description
We designed a computer model (hereafter, migration model), written in the Visual C# 4.0

coding language (Microsoft Corporation, 2010), to simulate migratory movements of individual
golden eagles in the study area. The majority of flight routes begin along the northern
Pennsylvania border. We also simulated a proportion of flight routes on the northeastern
boundary of the study area to gain insight into movements along the Kittatinny Ridge System, an
important migration corridor in autumn. The proportion of simulated birds starting on the
northeastern boundary matched the proportion of real birds counted on the Kittatinny to the total
counted within Pennsylvania (Hawk Migration Association of North America, 2008).
The model selected starting positions along this northeastern boundary by drawing a
random number from a uniform distribution. Along the northern border, the model randomly
selected starting positions from a Gaussian distribution, defined by the easternmost and
westernmost telemetry data (n = 21 tracked eagles; Miller, 2012). After a starting point was
selected, the simulated eagle evaluates uplift in the five surrounding grid-points and selects a
destination grid-point based on a random number draw, weighted by the uplift in that grid-point.
This process is repeated until the simulated eagle reaches a border of the modeling region (south,
east, or west; Figure 1-2).
We established the following rules of motion for the migration model:
1. Eagle movement decisions are based only on topography and weather (i.e., uplift), not on
conspecifics, terrestrial habitat, or individual experience.
2. Eagles use slope-soaring and thermal-soaring and gliding while on migration.
3. Eagles migrate across the study area within a 24-hr time period.
4. Eagles do not stop to forage or roost (i.e., flights are continuous and uninterrupted).
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5. Weather conditions (e.g., wind speed, wind direction, thermal activity) shift on the hourly
scale (i.e., per 100 km of modeled flight).
6. Eagle movements are governed by a combination of deterministic patterns (based on
available uplift) and stochasticity.
7. The probability of migration for an eagle is equal for all weather days, regardless of the
weather conditions.
2.3

Subsampling weather data
To create meteorological inputs for the model, we randomly selected 33 weather days

from November 2002-2011. We obtained meteorological data from the North American
Regional Reanalysis (NARR; Mesinger et al., 2006). We subsampled the weather data from 32
km2 resolution to the scale of a National Elevation Dataset (NED, 90 m2 resolution; United
States Geological Survey, 2012) over the study area, using a spatial join of NARR grid-points to
NED grid-points in ArcGIS 10 (ESRI Inc., Redlands, CA). On each of our randomly selected
days, we chose 3 separate, 3-hr blocks of data (i.e., 1500, 1800, 2100 Greenwich Mean Time,
equivalent to 1000, 1300, 1600 Eastern Standard Time) and pulled the following weather for that
day: wind, heat flux, boundary layer, and air temperature conditions. Our complete sample
comprised 495 weather files (i.e., 33 d

3 hr

5 variables), of which 15 (i.e., 1 d

3 hr

5

variables) were randomly selected as input for each model run.
2.4

Estimating orographic lift
Local topography deflects horizontal surface winds to generate orographic uplift that

eagles use to subsidize flight. We estimated orographic uplift (

) based on the following

relationship of terrain slope and aspect (from the NED) to wind speed and direction (Bohrer et
al., 2012, Brandes and Ombalski, 2004):
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is the horizontal wind speed at ground-level (m/s),

constant angle of terrain slope,

is an updraft coefficient with a

(degrees, level = 0) per grid-point, and terrain aspect,

(degrees, North = 0), and horizontal wind direction at ground-level,

(degrees, North = 0). We

did not consider orographic uplift on the leeward side of the terrain, and all negative values of
were set to 0 (Bohrer et al., 2012, Brandes and Ombalski, 2004). We calculated terrain slope and
aspect as follows (Zevenbergen and Thorne, 1987):
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terrain, respectively.
For every 90 m2 grid-point of the NED within the study area, we estimated a value of
based on the input NARR wind conditions. We used the U-wind and V-wind data, measured at
30 m above the ground surface to identify wind speed and wind direction. We calculated all
wind speeds and wind directions from the U- and V-wind data as follows:
√

5
(

where

and

)

represent the wind speed and wind direction, respectively,

6
and

are the U-

and V-wind components in radians at grid-point i, and 57.29578 is a conversion factor from
radians to degrees.
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2.5

Estimating thermal lift
Downward solar radiation during the daytime heats the ground surface, which can

produce strong heat flux for thermals that eagles use to subsidize flight (Bohrer et al., 2012).
Values of thermal uplift velocity can be estimated by the convective velocity parameter,
(Spaar and Bruderer, 2000, Stull, 1988):
[
where

( ⁄ )]

7

is the acceleration due to gravity (m/s2), is the flight altitude (m),

sensible heat flux (W/m2),

is the potential air temperature (K), and

is the surface

represents the mean

uplift velocity (m/s) at any height within the boundary layer. We set all negative values of

to

0.
For each 90 m2 pixel of the NED a value of

was estimated using the height of the

planetary boundary layer (HPBL, corresponding to

in 2.1 above), sensible heat flux (SHF,

),

and potential air temperature (POTT, ) from the NARR data.
2.6

Movement algorithm
We modeled individual eagle movements as a response to the amount of uplift available

at the grid-points into which they could move (Appendix A; van Loon et al., 2011). At every
step in the model, each grid-point has a value of

and

whose sum is the total uplift

available to a migrating eagle. We chose to simulate movements based on total uplift because
high magnitudes of orographic and thermal uplift typically do not co-occur. This is because high
winds that favor orographic lift tend to disintegrate thermals (Bohrer et al., 2012, Duerr et al.,
2012, Shamoun-Baranes et al., 2010).
We modeled southbound, autumn migration for golden eagles in the study area. For
stochasticity in the model, we placed grid-point movement probabilities (i.e., weighted by local
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uplift) around an eagle’s current position, so that an eagle could select subsequent positions to
move to in simulated flight routes. We weighted the grid-point probabilities to the southwest,
and this is based on a southwesterly preferred axis of migration (PAM) because of the nature of
regional topography (Brandes and Ombalski, 2004, Kerlinger, 1989). For example, most central
Appalachian ridges bear southwest in direction (from an autumn migrant’s perspective) in
Pennsylvania. An eagle could only move west (W), east (E), southwest (SW), south (S), or
southeast (SE) one grid-point at a time, based on each probability. These probabilities were set
in the following way, based on cardinal directions from an eagle’s position: W = 0.225, E = 0.05,
SW = 0.300, S = 0.225, SE = 0.200. At any time an eagle moved more than five grid-points in
the east or west direction, the movement probabilities were adjusted in equal proportion to each
other so that selection of southward movements increased in chance. When an eagle travels too
far east or west (more than five moves), both east and west grid-point probabilities are decreased,
while the others are increased, forcing greater chances of migrating in any one of the southerly
directions (i.e., SW, S, or SE). This helped southward migration progress by restricting
excessive east to west movements (and vice versa).
When lift was

0 m/s in the five nearest cells, the simulated eagle would move

southwest based on uplift in that direction. To do this, lift was averaged among four groups of
nine grid-points between 90-500 m in the southwesterly direction from the current position.
Each time, the group containing the highest average lift was chosen, and an eagle then moved
immediately to the furthest (southwest) grid-point in that selected group. This “looking ahead”
behavior involving movement from one point to another in a distant group of locations, mimics
direct, powered (i.e., flapping) flight between positions (Appendix B; Brandes, 2009). For
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example, an eagle might see a distant ridgeline, perceive current wind conditions as favorable,
and fly directly to a point on that ridgeline to use orographic lift.
2.7

Spatial analysis
We mapped movement paths in ArcGIS 10 (ESRI Inc., Redlands, CA). We computed

the magnitude of flight routes per unit area, to view the spatial distribution of hot- and cold-spots
in the simulations. To determine how topography influenced simulated migration, we examined
the proportion of modeled flight routes that intersected with regional physiographic provinces
(United States Forest Service, 2012) and the Kittatinny Ridge System (Hawk Migration
Association of North America, 2008).
Recent research has shown that the probability of a golden eagle migrating increases with
specific weather conditions that produce local uplift (Duerr et al., in review). Therefore, to
analyze how weather influences our simulations, we used real data from Pennsylvania hawkcount sites on each of our NARR weather days (n = 33) to define classes of eagle migration days,
as a proxy for the quality of weather conditions on a given day (Figure 1-3). We defined three
classes of days (i.e., high-, medium-, and low-migration) by natural breaks in the data. A highmigration day occurred when ≥ 24 golden eagles were counted at sites in Pennsylvania. On a
medium-migration day, between nine and 23 golden eagles were counted. During a lowmigration day, between zero and eight eagles were counted. We selected flight routes by their
weather day attributes to define each route by its type of migration day. Again, we computed the
density of flight routes with area to view how simulations changed with migration day.
Specifically, we extracted the hot-spots (i.e., areas of greatest flight route density) to evaluate
any changes between days. To quantify differences between classes of migration days, we
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calculated the area of hot-spots per class. This allowed us to evaluate whether golden eagles
migrate on a broad or narrow front during such types of days (Murray Jr., 1964).
We also analyzed the density of routes from actual autumn flights (2006-2012) of golden
eagles (n = 21) collected via telemetry (Miller, 2012), and we compared that density field to that
of our simulated flights as a preliminary verification of model performance. We compared the
distributions of orographic and thermal uplift using Welch’s two-sample t-test, assuming unequal
variance. We also examined the correlation between each uplift form and the number of
movements over all simulated paths. We conducted all statistical analyses using R Statistical
Software 2.15.2 (R Core Development Team, 2013).
2.8

Collecting field observations
We used output from the density of simulated flight routes to find potential gaps in the

distribution of existing hawk-count sites (Hawk Migration Association of North America, 2008).
We extracted migration hot-spots from this density field. We restricted sites to visit by locating
those nearest to statistically significant clusters (> 95% confidence) of flight routes using the Hot
Spot Analysis Tool (Gettis-Ord Gi test) in the Spatial Statistics package (ESRI Inc., Redlands,
CA). Next, we defined the number of potential sites to survey by only including those with open
land-cover (Fry et al., 2011) and elevated topography (e.g., preferably on long, linear ridgelines)
to aid our ability to sight migrants. We limited sites to visit based on their proximity to public
roads (i.e., < 1 km) using the Digital Base Map of Pennsylvania County Road dataset
(Pennsylvania Department of Conservation and Natural Resources, 2007). We also excluded all
sites < 5 km from an active hawk-count site. Finally, we randomly sampled from this collection
of potential sites to collect data on migrant golden eagles. We also mapped our survey data
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alongside data collected at nearby hawk-count sites on the same days, in order to compare
recordings of migrant golden eagles. This served as another verification of model performance.
2.9

Comparing different models
Lastly, we compared output from our simulation model to that of an existing raptor

migration model, FlightPath v. 1.1 (Brandes, 2009). FlightPath uses only modeled estimates of
orographic uplift to simulate eagle migration. Our model uses empirically-derived estimates of
both orographic and thermal uplift in simulations. The two models are similar in that they both
model migration at 90 m2 grid-point resolution, use terrain-based orographic uplift estimation,
involve a southwesterly principal axis of migration, apply a look ahead function in areas of low
lift, and select from ranges of potential starting positions. The models are different because
FlightPath models movement over a smaller area, includes an option for declaring eagle random
movements (e.g., in scale and frequency), and uses a minimum uplift threshold to limit eagle
movements.
We simulated an identical number of flight routes with each model under the same
weather conditions and with similar starting constraints. In each model, simulations started in
the northeastern corner of their respective modeling region. We then mapped the output from
each model, and compared spatial differences in the simulated flight routes from each model to
understand influences of regional topography and similar weather conditions on their
simulations. Finally, to evaluate how well each model simulated flight routes near hawk-count
sites, we compared the number of simulations per model that passed through 3 km buffer zones
(i.e., mean distance for observers to see and identify migrating raptors; Ainslie et al., 2013,
Farmer et al., 2010) around hawk-count sites in Pennsylvania.
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3.

RESULTS

3.1

Model output
Our migration model produced 25,481,796 individual moves, comprising a total of 6,378

simulated flight routes. Of this total, 5,000 routes started along the northernmost boundary of the
model system, while 1,378 started along the northeastern boundary (~27% of the preliminary set;
Hawk Migration Association of North America, 2008). Some simulations comprised fewer than
three moves because they started too close to an edge of the model system, and we excluded
these routes (n = 284) from spatial analyses. Therefore, our final sample of simulations
contained 6,094 complete flight routes. Mean (± SD) number of moves per flight route was
2,191 (± 1,281; range: 3 – 5,373 grid-points).
3.2

Spatial analysis: influences of topography and weather
The geographic distribution of modeled eagle flight routes was non-uniform. The

majority of eagle flights were concentrated in the Ridge and Valley physiographic province of
the central Appalachians (Figure 1-4a). Distributions of modeled orographic and thermal lift
were non-normal and right-skewed. Orographic uplift was stronger and occurred more
frequently than thermal uplift (Welch’s two-sample t = -560.13, df = 43,059,702, p < 0.0001),
and uplift values were not correlated with the number of simulated movements (orographic,
Pearson’s r = -0.015 and thermal, r = 0.003; Table 1-1).
Proportions of flight routes intersecting different physiographic provinces were also nonuniformly distributed across the study area (Table 1-2). The greatest proportion of flight routes
intersected the Allegheny Plateaus (0.996) with lower proportions crossing the Allegheny
Mountain (0.331), Blue Ridge Mountain (0.101), and Northern Piedmont (0.189) regions. The
majority (0.707) of routes crossed the Ridge and Valley province, which contains most of the
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hawk-count sites in Pennsylvania (Hawk Migration Association of North America, 2008). More
than 25% of routes passed within 3 km (i.e., mean distance for observers to see and identify
migrants; Farmer et al., 2010) of the Kittatinny ridgeline, near sites like Hawk Mountain
Sanctuary (Table 1-2; Hawk Migration Association of North America, 2008).
We used high-, medium-, and low-migration days at hawk-count sites as a proxy for
most-, moderately-, and least-favorable weather. On high-migration days, simulations were most
clustered over the central portion of the study area, with the highest density of routes passing
through the Ridge and Valley province (Figs. 1-4b). On medium-migration days (Figure 1-4c),
the highest density of simulations was less clustered than that of high-migration days. On lowmigration days (Figure 1-4d), the highest density of simulated routes was least concentrated than
both high- and medium-migration days. In addition, for both medium- and low-migration days,
the majority of routes passed through the Ridge and Valley province. The amount of area for
hot-spots decreased with migration day class: 5,203.18 km2, 5,386.98 km2, and 6,152.87 km2 for
high-, medium-, and low-migration days, respectively. In each subset of simulations, three major
areas consistently expressed the highest density of routes. These individual mountains (listed
with Pennsylvania counties) are: 1) Bald Eagle (Centre, Clinton, and Lycoming), Tussey
(Huntingdon, and Blair), and Allegheny (Bedford); 2) Brush, Canoe, and Evitts (Blair and
Bedford); and 3) Endless, Jacks, Stone, and Tuscarora (Susquehanna, Union, Mifflin,
Huntingdon, and Fulton). Using information on these mountains, it may be possible to locate
previously unknown sites that concentrate migrant golden eagles.
3.3

Model validation
Modeled simulations reflect movement patterns observed via telemetry (see Duerr et al.,

2012, Katzner et al., 2012b, Lanzone et al., 2012, Miller et al., 2014), as many simulations
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concentrate along prominent Appalachian ridgelines and existing hawk-count sites. Areas of
greatest densities were comparable between simulated and actual flight routes of golden eagles
(Figure 1-5).
We identified 129 potential hawk-count sites and randomly chose 11 sites for model
validation. We counted migrating raptors at these sites for 121 observer hrs, over the span of 13
d (Appendix C), during the peak migration period for golden eagles in 2013 (15 October – 04
December; Figure 1-6). Sites had a mean elevation of 630 m, and the majority (n = 9) had an
easterly aspect. Overall, we recorded 56 migrating golden eagles at six of the sites. These
migrants comprised 72% of the total number of eagles counted (n = 78; 56 golden eagles + 19
bald eagles (Haliaeetus leucocephalus) + 3 unidentified eagles). In addition to recording eagles,
we recorded other raptors (n = 330; e.g., Cathartes aura, Coragyps atratus, and various Falcos,
Buteos and Accipiters) at nine test sites. At two sites we did not observe any migrating raptors.
3.4

Model comparisons
We simulated 90 flight routes with both our model and FlightPath, using similar starting

constraints and weather conditions (Figure 1-7). The majority of simulations from FlightPath
passed through the Ridge and Valley province. However, very few FlightPath simulations
crossed the Kittatinny Ridge System. In contrast, more routes from our migration model passed
sites along that corridor. Many of our routes were closer to other sites not even enclosed in
FlightPath’s modeling area (e.g., Hawk Mountain Sanctuary). In general, FlightPath
simulations more closely followed ridgelines in the Ridge and Valley province. Our simulations
do follow some major ridgelines (e.g., Jacks and Stone Mountain), but they also follow more
minor ridgelines (e.g., areas north of Second Mountain and Hawk Mountain Sanctuary) than do
routes from FlightPath. Finally, for comparison in how well the models simulated routes near
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hawk-count sites, both sets had exactly the same number of simulations (n = 44) pass through 3
km buffer zones around a similar number of hawk-count sites in Pennsylvania. FlightPath
simulations passed near seven hawk-count sites, while simulations from the migration model
passed near nine. Five of those sites were shared between the models.
4.

DISCUSSION

4.1

Spatial analysis: influences of topography
Our modeling highlights the importance of the Ridge and Valley province of the central

Appalachians to golden eagle migration. In fact, an overwhelming majority of our simulated
eagle migrations (71%) intersected the Ridge and Valley. Similarly, the greatest densities of
telemetry routes were concentrated in this province. The Ridge and Valley not only is a hot-spot
for eagle migration, but it could also support more hawk-count sites (van Fleet, 1997).
Furthermore, this region is important for wind energy development (American Wind Energy
Association, 2013, Miller et al., 2014) because areas throughout the region produce substantial
wind resources. These areas are typically near major ridgelines that eagles use to migrate
regionally and travel locally (Brandes et al., 2009, Katzner et al., 2012b). In addition to major
ridgelines (> 650 m in elevation), there also appears to be a role for minor ridgelines (< 650 m)
in eagle migration (Miller et al., 2014).
4.2

Spatial analysis: influences of weather
In autumn, orographic uplift was stronger and more frequent than thermal uplift, which

corroborates evidence that the autumn season is conducive to producing more orographic than
thermal uplift (Duerr et al., in review). The area of hot-spots for medium- and low-migration
days may implicate the different roles and frequency of use for orographic and thermal uplift in
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eagle migration on days where both uplift forms co-occur at moderate levels. Differences
between the three categories could be explained by the real conditions observed on those weather
days used in our model. We were unable to confirm whether our modeled weather conditions
accurately depicted historic conditions, so we can only speculate about their differences related
to eagle migration. For example, on a low-migration day, the weather might be least-favorable
for generating orographic uplift (e.g., weak, directed winds; Bohrer et al., 2012, Brandes and
Ombalski, 2004) producing a broad-front in eagle migration (Murray Jr., 1964). In contrast, it
might be a weather day that favors thermal uplift, where eagles are selecting to use thermals
more often (Duerr et al., 2012, Lanzone et al., 2012, Duerr et al., in review), leading them further
away from hawk-count sites, out of sight of observers (Ainslie et al., 2013, Farmer et al., 2010).
On a medium-migration day, weather conditions might be moderately-favorable for generating
orographic uplift (e.g., moderate, directed winds inhibiting weaker thermals), causing some
eagles to use the ridgelines and be sighted by hawk-count observers, while more eagles could
still be far away using weaker, thermal updrafts.
On a high-migration day, weather conditions might be most-favorable for orographic
uplift (e.g., strong, directed winds dissipating thermals; Shamoun-Baranes et al., 2010), bringing
larger numbers of eagles toward hawk-count sites at major ridgelines. What is clear from this
evaluation of hot-spot area is that, on high-migration days, golden eagle migration may be in a
narrow-front as individuals are pushed into a smaller area of Pennsylvania (Murray Jr. 1964),
perhaps due to the availability of orographic uplift and limitedness of thermal updrafts. Though
they clearly migrate away from ridgelines where orographic uplift is not generated, golden eagles
will still use this uplift form in slope-soaring flight for the majority of total migration time in
autumn (Miller et al., 2014, Duerr et al., in review).
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4.3

Verifying model output
Satellite telemetry confirms that there are several corridors eagles use when entering

Pennsylvania, especially in the Endless Mountains (Bradford and Susquehanna counties).
Golden eagles enter the Ridge and Valley in large numbers east and northeast of cities like State
College, Tyrone, and Altoona, Pennsylvania. This eastern portion of the Ridge and Valley lacks
in hawk-count sites, which warrants further investigation. On several occasions in the field, we
observed multiple migrating golden eagles at most of our sites in the western Ridge and Valley.
For example, we observed migrating golden eagles at 55% of sites we visited and, on many days,
in greater numbers than bald eagles and other raptors. Not only did we observe migrating eagles
at sites identified by our model, but data collected at nearby hawk-counts, corresponded to
numbers of golden eagles we counted (Figure 1-6a). In some cases, our records were nearly
identical to those logged at the Allegheny Front Hawkwatch on the same days. For instance, on
20 November 2013 (at the Buffalo Road site), we counted 12 golden eagles while counters at the
Allegheny Front Hawkwatch observed 16 golden eagles (23 km straight-line distance, south of
our site; Figure 1-6b). This indicates that there may be connectivity between these sites.
We suspect that connectivity between ridgeline sites is also prevalent elsewhere in
Pennsylvania (Teter et al., 2003). However, connectivity between new and existing sites should
not be used to portray our new sites as not useful. Rather, this suggests that other sites identified
with our model may support migrant eagles elsewhere in the region—sites with potentially
greater utility and less connectivity with existing sites. In addition, new evidence suggests that
eagle adherence to ridgelines might be lower than previously thought, based on detection rates
between spatially connected sites (Dennhardt, 2014). These concepts highlight the relevance of
adding new hawk-count sites so that less of the population goes uncounted, perhaps due to eagles

34

leaving ridges to forage or advance in the migratory direction between sites. On account of our
comparisons with flight routes from telemetry and migration count data collected in the field, we
feel confident that our migration model is reliable and useful for simulating autumn migration for
golden eagles in Pennsylvania.
4.4

Model comparisons
FlightPath simulates eagle flights with a minimum uplift threshold that limits movements

in areas of too little lift. Our model does not take into account such a threshold for migrating
eagles. The magnitude of uplift might be a potentially important factor that limits movements of
large, soaring migrants like golden eagles. The equivalent of a minimum of uplift threshold is
the vertical component of velocity (i.e., sink) when a bird is flying at the speed to minimize sink
(Pennycuick, 2008). To calculate minimum sink speed, we could assume an adult golden eagle
weighs 2.5 kg, has a 1.8 m wingspan, 0.52 m wing chord, and 0.936 m2 wing area (i.e., minimum
measures for North American golden eagles; Watson, 2010). When an eagle of this size
migrates at mean elevation (368.01 m; NED) in Pennsylvania, the estimated minimum sink
speed is 0.90 m/s (Glide Polar function in Program FLIGHT 1.24; Pennycuick, 2008). Though
minimum sink speeds are estimable, we did not include them in our migration model because we
lacked necessary morphometric data on eastern golden eagles in order to do so. However, it is
especially interesting that our mean simulated estimates for each uplift form were quite close to a
minimum sink speed of 0.90 m/s, especially that of thermal uplift (0.70 and 0.89 m/s for
orographic and thermal, respectively).
Nevertheless, our exclusion of a minimum uplift threshold (or sink speed) could explain
why some aberrant simulations occurred west of Laurel Ridge in the Allegheny Mountains.
Simulated movements may not truly represent eagle migration in that portion of Pennsylvania.
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Namely, a small proportion of our simulations reached major urban areas near Pittsburgh,
Pennsylvania (i.e., devoid of forested, long-linear topography).
4.5

Limitations of the migration model
Our migration model does not include some eagle behaviors known to occur in the wild.

First, our model does not allow for stopover or roosting episodes. Second, we modeled golden
eagle flights in a continuous, day-long manner (i.e., with respect to NARR weather day in
November; Mesinger et al., 2006) which may not reflect the true characteristics of migratory
flights in Pennsylvania. For example, it might take several days for an eagle to migrate across
Pennsylvania, but weather is often temporally correlated, so conditions between consecutive
days should be relatively similar (Baigorria and Jones, 2010, Shamoun-Baranes et al., 2010).
Third, our model did not incorporate movements related to feeding forays. Nevertheless, on
long-distance migration, we know that energy is one limiting factor (Duerr et al., 2012,
Shamoun-Baranes et al., 2010). Replenishment of food stores is essential to survival, but it may
also be important for sustaining long-distance migration.
The small proportion of simulations (~27%) that intersect the Kittatinny Ridge System
might be underrepresented in our model. We expected more simulations would pass through this
area because it has been a well-known migration corridor for decades where many golden eagles
are encountered every autumn (Broun, 1935, Teter et al., 2003, Hawk Migration Association of
North America, 2008). Alternatively, what was thought to be a major migration corridor for
golden eagles may be, in fact, somewhat minor. To this point, hawk-count sites in this area
encounter many immature golden eagles (hatch-year and younger sub-adults) than at other
western sites in Pennsylvania. This leads us to believe that our migration model might better
represent movements by adult golden eagles. For instance, at Hawk Mountain Sanctuary in
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Novembers 2002-2011, 54% of golden eagles counted were immatures along with 37% adults
and 9% unaged (Hawk Migration Association of North America, 2008). Further supporting the
idea that our model better represents adult migration, adult golden eagles migrate later in the
autumn, while younger eagles migrate earlier in the season (Duerr et al., in review).
4.6

New opportunities for simulating migration with implications for continued monitoring
Golden eagles are a good model species because their flight behaviors are similar to that

of other raptors (i.e., Accipiter and Buteo hawks). Notably, these other species also migrate
through the central Appalachians and are observed at multiple hawk-count sites in the region.
We counted many individuals of these species migrating at the same time as golden eagles—
Sharp-shinned hawk, Accipiter striatus, Cooper’s hawk, Accipiter cooperii, and Red-tailed hawk,
Buteo jamaicensis—sometimes, in the dozens. Moreover, our migration model could be useful
for identifying potential spatial conflict between wind energy development and migratory raptor
populations (Hunt, 2002, Barrios and Rodríguez, 2004, de Lucas et al., 2008, Miller et al., 2014).
This could be accomplished by regionally comparing spatial locations of wind turbines
(proposed and constructed) with simulated flight paths.
Eastern golden eagles rely on the Ridge and Valley physiographic province in the central
Appalachian Mountains of Pennsylvania when migrating in autumn. We also identified several,
key migration corridors for potential new hawk-count sites in Pennsylvania. There are several
gaps in the spatial distribution of hawk-count sites, but new sites are locatable in migratory hotspots and corridors of the Allegheny Mountain and Ridge and Valley provinces. We identified a
few sites in the Ridge and Valley province that might sustain new hawk-counts. We also located
sites in the Allegheny Mountain province, as a result of our fieldwork. New sites in both
provinces would be beneficial to improve current monitoring efforts. Many of the sites we
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describe are accessible to the public by road or short walking distance, which is essential to the
persistence of multiple, existing count sites. Ease-of-access is important for attracting volunteers
and the public to participate in ongoing research—creating opportunities for increased
conservation education (Bildstein, 1998).
It might be useful for new research to incorporate foraging and roosting (i.e., stopover)
behaviors into modeling eagle movements. Foraging and stopover behaviors are sometimes
ignored or excluded from modern models of migration; though, this could help us understand the
relative influence of such behaviors on migration trajectories. Similarly, in another, it would
also be informative to analyze the influence of modeled movement probabilities in simulated
flights with point-to-point movements from telemetry data. This may help determine movement
probabilities that may be more representative of real eagle movements. Additional research
should also focus on the factors driving migration in movement hot-spots and corridors, areas
guiding golden eagle flights and those of other raptors. It would be especially important to know
the role of minimum uplift thresholds (or sink speeds) in migrating raptors and their paths. An
in-depth evaluation of the nature and degree of connectivity between hawk-count sites would
also be useful. Furthermore, other studies could focus on whether certain magnitudes of
orographic uplift keep migratory eagles flying close to ridgelines when thermal activity is weak
or absent. With this new information, more comprehensive research projects might focus on
making inference to important demographic parameters in populations—a persistent
conservation necessity.
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TABLES
Table 1-1. Statistics of estimated uplift to the total number of simulated movements (n =
25,481,796) of golden eagles in Pennsylvania, USA during November 2002-2011. Zero values
of each uplift form represent those

0 m/s and non-zero values represent those > 0 m/s.

Statistic
Orographic uplift
Raw count of zero values
6,817,057
Raw count of non-zero values
18,664,739
Correlation with no. movements (Pearson’s r)
-0.015
Minimum (m/s)
0.00
Maximum (m/s)
9.06
Mean (m/s)
0.70a
Median (m/s)
0.35
SD (m/s)
0.91
a
Welch’s two-sample t = -560.13, df = 43,059,702, p < 0.0001

Thermal uplift
16,988,977
8,492,819
0.003
0.00
7.17
0.89a
0.00
1.45
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Table 1-2. Proportions of total simulated flight routes (n = 6,094) intersecting physiographic
provinces and the Kittatinny Ridge System in Pennsylvania, USA.
Physiographic province

Number of flight routes

Proportion of total

Allegheny Plateaus

6,071

0.99

Allegheny Mountains

2,017

0.33

Blue Ridge Mountains

618

0.10

Northern Piedmont

1,150

0.19

Ridge and Valley

4,310

0.71

Migration corridor
Kittatinny Ridge System

1,638

0.27
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FIGURE CAPTIONS
Figure 1-1. Study area and model system: the central Appalachian Mountain range in
Pennsylvania, USA.
Figure 1-2. Conceptual model describing the general steps involved in modeling migration
routes across the study area. Eagle movement steps occur in consecutive, 90 m increments
corresponding to the spatial resolution of the NED (1 arc sec). When uplift is good (> 0 m/s) then
the eagle chooses among 5 (x) grid-points, and moves 1 grid-point at a time (a). When uplift is
bad (

0 m/s) then the eagle chooses among 36 (y) grid-points, and moves to 1 grid-point in a

group of points containing the highest average lift, compared among 4 different groups of gridpoints (b). Lift is averaged over 9 grid-points per group to compare average lift among the 4
groups (see Figure 1-4). When an eagle reaches the southern boundary of the study area, its flight
route completes, and a new flight route is constructed. The process repeats until all flight routes
are built.
Figure 1-3. Variation in counts of golden eagles based on classes of migration days. We
classified our NARR weather datasets (n = 33 d) by natural breaks in hawk-count data collected
on each type of day in the study area. We used November data from the following hawk-counts:
Allegheny Front, Stone Mountain, Waggoner’s Gap, Second Mountain, and Hawk Mountain
Sanctuary (Hawk Migration Association of North America 2008). We used the three classes as a
proxy for the quality of weather conditions on a given day.
Figure 1-4. a) Density of the complete sample of simulated flight routes (n = 6,094) for golden
eagles in Pennsylvania, USA during November 2002-2011. This overall density is juxtaposed
with subsets of simulations classified by high-, medium-, and low-migration count days as a
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proxy for weather conditions. b) Regional comparison with flight routes (n = 1,755) modeled on
high-migration days. c) Regional comparison with flight routes (n = 1,329) modeled on
medium-migration days. d) Regional comparison with flight routes (n = 3,010) modeled on lowmigration days. Size of hot-spot areas varied by migration day class with 5,203.18 km2,
5,386.98 km2, 6,152.87 km2 for high-, medium-, and low-migration days, respectively.
Figure 1-5. Regional comparison of density fields between movement simulations of this work
(n = 25,481,796) and movement observations (n = 16,348 data points for 21 eagles) from
telemetry work in Pennsylvania, USA (autumn 2006-2012; Miller 2012).
Figure 1-6. a) Regional comparison of hawk-count data on golden eagles collected on the same
days and during similar hours of field data collection. b) Local comparison of the largest golden
eagle recordings from our field data with counts conducted on the same days and during similar
hours at the Allegheny Front Hawkwatch, near Central City, Pennsylvania, USA. Sites denoted
with an * designates that they are a new, potential count site for future monitoring of golden
eagles. Of these new sites, the Brush Mountain site (near Skelp Mountain Road) does not allow
public access, while the other two areas do support public access.
Figure 1-7. Regional comparison of simulations constructed with different computer models
that simulate golden eagle migration: our migration model (n = 90) and FlightPath v. 1.1 (n =
90). We used the average conditions for the input weather dataset. Simulated eagles were
started in the northeastern corners of each model’s simulation area. Despite mechanistic
differences between the two models, there are several areas in the Ridge and Valley
physiographic province where simulated eagles’ flights overlap and travel in close proximity.
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Simulations from our migration model occur in closer proximity to more hawk-count sites than
do simulations from FlightPath.
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Figure 1-1.
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Figure 1-2.
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Figure 1-3.
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Figure 1-4.
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Figure 1-5.
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Figure 1-6.
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Figure 1-7.

58

CHAPTER 2
MODELING POPULATION SIZE OF GOLDEN EAGLES WITH CITIZEN-SCIENCE
DATA SUGGESTS THE IMPORTANCE OF MISSED INDIVIDUALS

59

Formatted for submission to Biological Conservation

MODELING POPULATION SIZE OF GOLDEN EAGLES WITH CITIZEN-SCIENCE
DATA SUGGESTS THE IMPORTANCE OF MISSED INDIVIDUALS
ANDREW J. DENNHARDT*1
TODD E. KATZNER12
ADAM E. DUERR1
DAVID C. BRANDES3
*

Corresponding author; E-mail: ajdennhardt@gmail.com; Phone: 304-293-4412

1

Division of Forestry and Natural Resources, West Virginia University, Morgantown, WV

26506, USA
2

U.S. Department of Agriculture, Forest Service, Timber and Watershed Laboratory, Parsons,

WV 26287, USA
3

Department of Civil and Environmental Engineering, Lafayette College, Easton, PA 18042,

USA
ABSTRACT
Estimating the size of wildlife populations is fundamental to ecology and conservation. The
vagility of many organisms can have significant impacts on population-level monitoring by
affecting survey methods and demographic estimates. Demographic analyses, which may
require large amounts of data collected over time, are often expensive to collect and maintain.
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Citizen-science data often involve extensive effort, but possess limited data quality. In the case
of hawk-counts in the USA, these data are both standardized and maintained by the Hawk
Migration Association of North America. We evaluated the utility of hawk-count data to
estimate population size of golden eagles (Aquila chrysaetos canadensis) migrating in eastern
North America. We designed a computer model to simulate migratory flights of eagles to assess
what proportion of the population is available to be counted at hawk-counts in Pennsylvania,
USA. We then conducted a mark-recapture analysis to estimate mean detectability of migrating
eagles and mean local abundance along an important migration corridor. Finally, we used
estimates of availability and detectability to adjust data from hawk-count sites to derive regional
estimates of population size. Mean (± SD) availability of golden eagles to hawk-count sites was
0.240 (± 0.140; range: 0.040 – 0.440). We estimated mean detectability as 0.073 (± 0.010;
range: 0.048 – 0.109). Previous estimates of population size for golden eagles in eastern North
America were 1000 – 5000. All of our population estimates far exceeded that of previous
approximations. Larger estimates were driven by the low availability and detectability of birds
passing by hawk-counts. When using detection rates from recent literature, only then were
estimates < 5,000 individuals. This analysis suggests that (a) detection estimates need to be
improved, (b) the majority of migrating golden eagles in eastern North America are not counted
at hawk-count sites, and (c) previous population estimates for this species are likely low. This
exercise demonstrates the utility of using citizen-science data to address a pressing conservation
goal: estimating population size for species of regional concern.
KEYWORDS
Aquila chrysaetos, golden eagle, hawk-count data, mark-recapture, Pennsylvania, raptor
migration

61

1.

INTRODUCTION
Estimating the size of wildlife populations is fundamental to ecology and conservation.

The vagility of many organisms can have significant impacts on population-level monitoring,
affecting survey methods and demographic estimates (Katzner et al., 2007, Yoccuz et al., 2001).
Measurement of demographic parameters is also especially difficult and sometimes inefficient
for animals that are widespread (Link and Nichols, 1994, Lewis and Gould, 2000, Margalida et
al., 2011). Specifically, secretive and low-density raptors are hard to study, which causes
monitoring of their populations to be both expensive and logistically demanding (Dunn and
Hussell, 1995, Hussell, 1981, Zalles and Bildstein, 2000). However, because raptors are apex
predators indicative of the health of ecosystems, monitoring them is considered critical
(Bildstein, 2001, Rodríguez-Estrella et al., 1998, Sergio et al., 2005, 2006, 2008, Zalles and
Bildstein, 2000).
For modern conservation of raptors to be successful, monitoring programs must be low in
cost and simultaneously gather large amounts of reliable information on populations (Good et al.,
2007, Kéry, 2008, Thogmartin et al., 2006, Whitfield et al., 2006). Many monitoring programs
reduce costs by using citizen-science volunteers to collect data (Braschler, 2009, Cohn, 2008,
Katzner et al., 2005, Silvertown, 2009, Devictor et al., 2010, Mulder et al., 2010). Several such
programs focus on sampling bird populations over vast areas. For example, Breeding Bird
Surveys (BBS) and Christmas Bird Counts (CBC) occur nationwide during the breeding and
non-breeding periods, respectively (Dunn et al., 2005, Gray and Burlew, 2007, Link et al., 1994,
Link and Sauer, 1998, Thogmartin et al., 2006). These surveys focus on Passerines because most
songbirds are vocal and may be concentrated in high densities. Breeding and winter bird surveys
also provide some information on raptor populations (Dunn and Hussell, 1995, Dunn et al.,
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2005). Nevertheless, owing to the elusiveness, area-sensitive, and low-density occurrence
behaviors of raptors, BBS and CBC do not provide adequate information for monitoring their
populations (Bildstein, 2006, Zalles and Bildstein, 2000).
Numerous raptors migrate, and counts during migration are useful for monitoring species
of conservation concern (Ainslie et al., 2013, Bildstein, 1998, Farmer et al., 2010, Sattler and
Bart, 1984). Worldwide, hawk-count data are collected at sites where geography concentrates
migrant raptors in large numbers (Zalles and Bildstein, 2000). In North America, these data are
collected, stored, and made publicly available by the Hawk Migration Association of North
America (HMANA; Hawk Migration Association of North America, 2008). While most sites
are staffed by citizen-scientists, a small proportion of sites are maintained by trained researchers.
Because volunteers staff many sites, collection costs of hawk-count data are typically minimal to
the monitoring organizations and scientific community at large. These data may also prove
useful for producing demographic estimates for ecological and management applications
(Bednarz et al., 1990, Hawk Migration Association of North America, 2004, Farmer et al., 2007,
Farmer et al., 2008a, 2008b, Hull et al., 2010).
The perceived benefits of data collection and potential applications notwithstanding,
there can be extensive variation among hawk-count sites caused by poor standardization of
counting coverage, different local landscape traits, variable numbers of observers, disparity
among observers’ proficiencies, weather effects on the counts, and temporal sampling variation
(Dunn and Hussell, 1995, Dunn et al., 2008, Heath and Nolte, 2009, Lewis and Gould, 2000,
Margalida et al., 2011). In spite of this variation, a great deal of effort has gone into evaluating
trends in hawk-count data (Bednarz et al., 1990, Berthiaume et al., 2009, Broun, 1935, Hoffman
and Smith, 2003, Hull et al., 2010, Sattler and Bart, 1984), or to use them as an index for

63

population trends over time (Bednarz et al., 1990, Hoffman and Smith, 2003, Farmer, 2006,
Farmer et al., 2008b, Farmer and Smith, 2010, Nagy, 1977). Several studies also have assessed
observer ability to detect raptors (i.e., detectability) at hawk-count sites, and results showed that
poor detection rates can negatively impact daily count totals (Allen et al., 1996, Berthiaume et
al., 2009, Farmer et al., 2007, Farmer et al., 2010, Heath and Nolte, 2009, Nolte, 2012).
Golden eagles (Aquila chrysaetos canadensis) are rare in eastern North America and little
is known about their population demography, movements, and behavior (Katzner et al., 2012a,
Kochert and Steenhof, 2002). These birds breed throughout northeastern Canada, and the
majority of the population migrates through the central Appalachian Mountains to overwinter in
the eastern United States (Brodeur and Morneau, 1999, Brodeur et al., 1996, Millsap and Vana,
1984, Morneau et al., 1994). In states east of the Mississippi River, their wintering distribution
is much larger than previously thought (T. Katzner et al., unpublished data). Though continental
populations are in decline (Hoffman and Smith, 2003, Smith et al., 2008), this eastern
subpopulation may, in fact, be increasing or nearing stability (Farmer et al., 2008a, Farmer and
Smith, 2010, Hawk Migration Association of North America, 2004, Ombalski and Brandes,
2010). Other research suggests that there are between 50,000-80,000 golden eagles in North
America, around half of the minimum global population (i.e., 120,000 individuals; Farmer et al.,
2008a, Global Raptor Information Network, 2014, Hawk Mountain Sanctuary, 2014). Estimates
for the eastern subpopulation range between 1,000-5,000 individuals (Katzner et al., 2012a,
Ombalski and Brandes, 2010), less than a quarter of that estimated for golden eagles in western
North America—19,000-35,000 (Good et al., 2007, Nielson et al., 2011).
Although little is known about this population, eastern golden eagles are counted in the
hundreds at hawk-count sites throughout the central Appalachians. This makes them a good
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candidate for use of citizen-science data to better understand their demography. The main
objective of this study was to evaluate past and present estimates of golden eagle population size
in eastern North America. Specifically, we asked: 1) what proportion of golden eagles that
migrate near hawk-count sites are available to be counted by observers, 2) how often are
available golden eagles detected at hawk-counts, and 3) how reasonable are existing estimates of
eastern golden eagle population size? To answer these research questions, (a) we simulated
golden eagle migration to estimate availability to hawk-counters, (b) we applied a markrecapture analysis to citizen-science data, to estimate detectability by hawk-counters, and (c) we
compare our modeled population sizes based on hawk-count data and availability and
detectability to existing natural-history based estimates. Finally, we interpret both past and
present estimates of population size based on hawk-count data in the context of golden eagle
conservation in eastern North America.
2.

MATERIALS AND METHODS

2.1

Study area
We focused our research on an area of the central Appalachian Mountains roughly

defined by the state of Pennsylvania, USA (Figure 2-1a). Topography in Pennsylvania includes
many long-linear ridges, lowland valleys, forested highlands, and mountain foothills. Local
autumn weather is often temperate, windy, and overcast, with easterly and westerly winds
dominate and interact with the steep topography of the ridge and valley regions to generate
uplift. Eastern golden eagles move through this area in large numbers, with a peak in migration
in the month of November (Katzner et al., 2012a). To collect data on these and other migrants,
there are approximately 32 regularly staffed hawk-count sites in Pennsylvania.
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2.2

Hawk-count data
HMANA volunteers and employees collected, organized, and posted (on the internet)

hawk-count data on golden eagles throughout eastern North America (Hawk Migration
Association of North America, 2008). In addition, for a subset of sites, HMANA organizations
provided data (not posted online) on age and timing of movements of individual eagles. We
considered data only from hawk-count sites located east of the Mississippi River Valley during
November 2002-2011. We used data from a subset of sites to estimate eagle availability,
detectability, and population size.
2.3

Modeling golden eagle migration
To understand what proportion of migrant eagles are available to be counted at hawk-

count sites, we designed a computer simulation model (hereafter, migration model), written in
the Visual C# 4.0 coding language (Microsoft Corporation 2010), to simulate migratory
movements of golden eagles in the central Appalachian Mountains. The model reflects
movement patterns of telemetered, migrant eagles (n = 21 tracked eagles; Duerr et al., 2012,
Katzner et al., 2012b, Lanzone et al., 2012, Miller et al., 2014). Within the model, each
simulated flight route begins at a randomly selected starting position on the northeastern
Pennsylvania border between the easternmost and westernmost routes used by telemetered
eagles. Subsequently, the simulated eagle evaluates uplift in the five surrounding grid-points
(i.e., east, west, southeast, southwest, and south at 90 m2 resolution) and selects a destination
grid-point based on a directed, random walk. This process is repeated until the simulated eagle
reaches the southernmost border of the modeling region to complete a route. The weather
conditions under which we modeled eagle flight were based on a random sample of 33
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November days between 2002 and 2011. These meteorological data were acquired from the
North American Regional Reanalysis (NARR) dataset (Mesinger et al., 2006).
The following rules govern movements in this migration model:
1. Eagle movement decisions are based only on topography and weather (i.e., uplift), not on
conspecifics, terrestrial habitat, or individual experience.
2. Eagles use slope-soaring and thermal-soaring and gliding while on migration.
3. Eagles migrate across the study area within a 24-hr time period.
4. Eagles do not stop to forage or roost (i.e., flights are continuous and uninterrupted).
5. Weather conditions (e.g., wind speed, wind direction, thermal activity) shift on the hourly
scale (i.e., per 100 km of modeled flight).
6. Eagle movements are governed by a combination of deterministic patterns (based on
available uplift) and stochasticity.
7. The probability of migration for an eagle is equal for all weather days, regardless of the
weather conditions.
The movement model and its decision steps are described in greater detail elsewhere
(Dennhardt, 2014).
2.4

Data analysis and interpretation
From the perspective of hawk-count observers, there are three different types of migrant

eagles. There are those eagles that are potentially available to be counted by observers and
detectable to observers (i.e., fly within some known distance around a hawk-count site and are
seen), available and undetectable (i.e., fly close enough to a site, but are not seen), and those that
are unavailable and undetectable (i.e., fly too far away from a site and are not seen; Figure 2-2).
Hawk count data characterize the first of these (available and detected). Our first research
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question aims to identify both the second (available and undetected) and third (unavailable and
undetectable) types of eagles at hawk-count sites. Our second research question seeks to
estimate detectability at hawk-counts. Our third research question uses hawk-count data and
estimates of availability and detectability to calculate population sizes of eastern golden eagles.
To address our first research question, we used the migration model to estimate the rate at which
eagles are available to be counted at hawk-count sites in Pennsylvania. We could not use flight
routes from existing telemetry data on golden eagles because of very few routes passing hawkcount sites in the region. To address our second question, we used historic hawk-count data in a
mark-recapture analysis to evaluate the rate at which eagles are detectable at hawk-counts.
Finally, we combined hawk-count data from five sites with empirical estimates of availability
and modeled estimates of detectability to approximate the size of the total population migrating
through Pennsylvania.
2.5

Estimating rates of eagle availability
The availability rate is the ratio of the total number of eagles available to be counted

(̂

) to the total eagles present (i.e., sum of available and unavailable, ̂

) at a

given site, as follows:
̂

⁄( ̂

̂

)

1

We assumed that observers can see and identify raptors up to 3 km from an observation
point (Ainslie et al., 2013, Farmer et al., 2010). Simulated flight routes that passed within 3 km
of a count site were classified as available (i.e., near enough to be counted), while those outside
of this zone were classified as unavailable (i.e., too far away to be counted).
We estimated availability at five hawk-count sites: Allegheny Front (AF), Stone
Mountain (ST), Waggoner’s Gap (WG), Second Mountain (SM), and Hawk Mountain Sanctuary
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(HM; Hawk Migration Association of North America, 2008). We selected these five sites
because of their counting coverage (i.e., greatest number of observers and hours counting) in
November, their relative distance from each other (

25 km), and the many records they had of

migrating golden eagles (≥ 20) each autumn. We limited the availability estimates to these five
sites to reduce the likelihood that a simulated or real eagle could be counted at more than one
hawk-count site.
We estimated the proportion of the migrant population that is available at our five hawkcount sites in two different ways. First, we estimated availability at these sites assuming a
uniform distribution of eagle passage. In such a scenario, the number of available and
unavailable eagles would be equal (uniform) among sites in space. Second, we used availability
rates at these sites estimated from numbers of modeled eagles passing within a set distance from
each site (32 km; i.e., based on the average distance between the sites). Availability is the ratio
of the number of simulated flight routes passing through zones with a 3 km radius to the number
passing through zones with a 32 km diameter.
To investigate the impact of weather on potential availability of eagles to observers, we
evaluated actual hawk-count data on the 33 randomly chosen days on which we modeled eagle
migration (Dennhardt, 2014). We classified three categories of migration days (i.e., high,
medium, and low) by natural breaks in the hawk-count data (i.e., ≥ 24, 9, and 0 eagles counted
on high-, medium-, and low-migration days, respectively) using ArcGIS 10 (ESRI Inc.,
Redlands, CA). We then estimated availability rates using uniform and site-specific methods for
each of the three classes of days. This is reasonable because changes in weather conditions
affect uplift generation, which affects eagle migration (Duerr et al., in review). Migrating golden
eagles using orographic uplift are expected to be closer to hawk-counts and thus more available,
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while eagles using thermal uplift are expected to be further away and less available to be
counted.
2.6

Estimating rates of eagle detectability
We conducted a mark-recapture analysis on hawk-count data to estimate detection

rates—the proportion of eagles available to be counted that were actually seen by hawk-count
observers. We focused this analysis on the Kittatinny Ridge System (hereafter, Kittatinny;
Figure 2-1b) because it contains multiple hawk-count sites. Thus, the Kittatinny presents
opportunities for birds to be repeatedly observed (e.g., marked and recaptured). In our
formulation, a mark-and-recapture series represents a unique golden eagle that is counted at more
than one hawk-count site on the Kittatinny.
To estimate detection rates, we used the Population Analysis (POPAN) parameterization
of Jolly-Seber mark-recapture (Jolly, 1965, Schwarz and Arnason, 2013, Schwarz and Seber,
1999, Seber, 1965, Seber, 1986) in Program MARK (White and Burnham, 1999). Specifically,
Jolly-Seber gives an estimate of the number of birds migrating along the Kittatinny—a local
population size. Jolly-Seber models assume that animals retain their tags throughout study, tags
are read properly, sampling is instantaneous, survival is homogenous for marked and unmarked
individuals, catchability is homogenous for marked and unmarked individuals, and the study area
is constant. Furthermore, POPAN Jolly-Seber provides, for t capture occasions, t – 1 estimates
of probability of apparent survival (Φ), t estimates of probability of capture, given the individual
is both alive and available for capture (p), t – 1 estimates of probability of system entry into the
population per occasion (pent), and super-population size (N) per group (Figure 2-3). Apparent
survival (Φ) is an estimate of the probability of an eagle adhering to the ridgeline, while 1 – Φ is
the probability of leaving the ridgeline in this analysis (Teter et al., 2003). System entry (pent) is
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the probability of eagle entry into the ridge system between capture occasions. Superpopulation
abundance ( ) is an estimate of the total number of golden eagles migrating along the Kittatinny.
Finally, capture probability (p) is the rate at which hawk-count observers detect golden eagles.
Candidate model sets we constructed were designed to replicate relationships between
hawk-counts and golden eagles migrating nearby (Table 2-1). Models were fitted using the
logit-link function for ̂ and ̂ , identity link function for ̂ , and multinomial logit-link function
to constrain the ̂ parameters to ≤ 1 (White and Burnham, 1999). Because final capture
probability (̂) is confounded with final apparent survival ( ̂ 4), we only considered detection
estimates from ̂ to ̂. We used Akaike’s Information Criterion corrected for small sample
sizes (AICc) to compare our models and identify models that required model-averaging of
parameter estimates (Burnham and Anderson, 2002).
We built virtual capture histories based on golden eagle data, recorded at hawk-counts
during all days in Novembers 2002-2011. We defined passage past each of the five markrecapture sites along the Kittatinny as separate capture occasions (Figure 2-1b). For each site,
the day an eagle was counted, the time an eagle was counted, and the age of each eagle were the
primary inputs to the computer model. To build capture histories unique to each individual, we
established three rules for matching eagle records to one another. These rules, described below,
were implemented in the Visual C# coding environment (Microsoft Corporation, 2010).
Our first rule was that recaptures had to be on the same day as captures. Our second rule
was that a recapture could only occur when an eagle passed a subsequent site within a time
window that allowed the eagle to continuously soar between sites. We measured ridgeline
distance between sites and assumed that eagles travelled 10.90 ± 0.875 m/s (mean ± SE) using
orographic (ridge) lift (Duerr et al., 2012). To evaluate potential variability in flight times, we
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repeated the analysis for time windows defined by one, two, four, and six SEs. Our third rule
was that eagles that passed subsequent sites within the appropriate time window must also match
in age class. Using the four sets of capture histories (i.e., those with one, two, four, and six SEs),
we built two types of each set—one set of capture histories built with the age class rule included
and another set without it. Finally, for every set, we grouped each eagle capture history by the
year each eagle was counted (i.e., 2002-2011). Therefore, we estimated our models in Program
MARK based on capture histories with a group for each of the 10 years.
We defined a set of four candidate mark-recapture models, a priori, based on eagle
biology and the nature of hawk-counts (Table 2-1). Hawk-count data contain no information on
distance from observer to raptor, so we assumed detection rates were homogenous with regard to
distance (Buckland et al., 2001). We also assumed that detection rates varied between sites. We
modeled capture probability (p) with respect to site (t) in all of our candidate models due to
evidence of differences in detecting migrants among hawk-count sites (Farmer et al., 2010,
Heath and Nolte, 2009, Nolte, 2012).
2.7

Estimating population size
We modeled population estimates for comparison with existing natural-history based

estimates. We used raw hawk-count data (i.e., from AF, ST, WG, SM, and HM) in conjunction
with empirically-derived availability and modeled detection rates, as follows:
̂

⁄ ̂

̂
̂

̂
∑

where, in Eq. 2,

2
⁄

3

̂

4
is the raw count of golden eagles in November at site i, ̂ is the estimated

detection probability from the mark-recapture analysis, and ̂

is the estimated number
72

of eagles that were detectable at site i. In Eq. 3,
availability at site i (Eq. 1), and ̂

is the estimate of eagle

is the number of eagles available to be counted at site

i. Finally, in Eq. 4, we sum all local abundances to calculate ̂

, the size of the total migrant

population in Pennsylvania.
We further adjusted our availability rates by the number of eagles that are potentially
counted at more than one of our five sites (hereafter, double-count). Without accounting for
double-count rates, we would violate our assumption that eagles encountered at a particular
hawk-count site are unique to that site. We classified potentially double-counted eagles as those
that were available to be counted at multiple sites. We estimated double-count rates by
estimating the proportion of simulated flight routes that passed between pairs of hawk-count
sites. Simulated eagles unique to a particular hawk-count were those that only passed one site,
while others that additionally passed nearby sites would be considered double-counted eagles.
To account for double-counting, we adjusted all availability rates by the number of unavailable
eagles unique to each hawk-count site, before estimating population size.
Here, we generated ten-yr sets (n = 122) of population size estimates using our eight
detection rates based on capture histories built with either a one-, two-, four-, or six-SE estimated
time window and with (or without) eagle age information. Estimates we present include the
following availability features: 3 km radial buffer (to classify available eagles), 32 km diameter
buffer (to classify unavailable eagles), and the conditions of high-, medium-, and low-migration
days (as a proxy for changing weather conditions) in Pennsylvania.
2.8

Estimating population size with detection rates from literature
Due to low detection rates estimated from our POPAN Jolly-Seber models, we collected

detection rates from recent literature to estimate population size in Pennsylvania and compared
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our original estimates with those estimates. Studies on golden eagle detectability at hawk-count
sites are scarce so, in some cases, we had to use detection rates for other raptors as a comparable
substitute (i.e., species either similar in size or migratory flight behavior as golden eagles).
Sattler and Bart (1984) used a double-observer approach to estimate the proportion of raptors
detected at the Derby Hill hawk-count in Ontario, Canada. They estimated detection (mean ±
SE) as 0.78 ± 0.04 for red-tailed hawks (Buteo jamaicensis), which, of the species they
evaluated, we expected was the most similar in migratory flight as the golden eagle. Berthiaume
et al. (2009) used a Huggins closed-capture experiment (White and Burnham 1999) with a
double-observer approach and estimated detection as 0.41 ± 0.09 for the pooled counts of bald
eagles (Haliaeetus leucocephalus) and golden eagles at the Tadoussac hawk-count in Quebec,
Canada. Farmer et al. (2010) conducted a Brownian-Bridge movement analysis (Horne et al.,
2007) to estimate detection (mean ± SD) as 0.338 ± 0.288 for telemetered osprey (Pandion
haliaetus) on migration in eastern North America. Nolte (2012) also used a Huggins closedcapture experiment (White and Burnham 1999) with double-observer count data to estimate
detection rates for migrating raptors at the Lucky Peak hawk-count in Boise, Idaho, USA. He
estimated detection as 0.875 ± 0.075 for golden eagles.
3.

RESULTS

3.1

Rates of eagle availability
We simulated 6,094 eagle flight routes through Pennsylvania. Forty percent of these

passed within 3 km of a hawk-count site. Based on uniform eagle distribution across all sites,
mean (± SD) availability from the five hawk-count sites was 0.110 (± 0.050; range: 0.030 –
0.150). When eagle distribution was based on proportions of simulated paths within 32 km of
hawk-counts mean availability doubled to 0.240 (± 0.140; range: 0.040 – 0.440).
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3.2

Building capture histories for eagles
We constructed capture histories from a data set of 3,069 migrant golden eagle

observations along the Kittatinny during November from 2002-2011. Of these, 224 were
counted at Little Gap, 543 at Bake Oven Knob, 650 at Hawk Mountain Sanctuary, 407 at Second
Mountain, and 1,245 at Waggoner’s Gap. Mean (± SD) number of unique individuals (i.e.,
capture histories) was 2705 (± 87; range: 2775 – 2592) for histories built using the aging
criterion and the four sets of timing criteria (i.e., one, two, four, and six SEs). Mean number of
unique individuals was 2491 (± 116; range: 2347 – 2586) for those built without using the aging
criterion and using the four timing criteria.
3.3

Rates of eagle detectability
In our mark-recapture analysis, the top-ranked model that carried all of the AICc weight

(Table 2-2a) included apparent survival (Φ) varying with site, local abundance (N) varying with
site, and kept system entry (pent) constant. This particular model set involved capture histories
where we assumed eagle aging would be consistent and that eagles would travel between hawkcounts within one SE’s estimated time. Models including constant apparent survival and system
entry were never supported. For other model sets where we included the aging criterion, three of
four top-ranked models were fully time-dependent, whereas one included system entry as
constant and all other parameters varying by site. AICc weights varied among several models in
sets where input capture histories excluded the aging criterion, but included any one of the
variations in timing (i.e., one, two, four, or six SEs). No one model carried all of the AICc
weight in these examples (Table 2-2b-e). Instead, variation was distributed throughout the first
three models in each set, so we model-averaged detection estimates in those sets (Burnham and
Anderson 2002). In capture histories for each of these sets, we assumed that eagle aging would
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not be consistent (i.e., excluded the aging criterion) and that eagles would travel between sites
within the respective SE’s estimated time. Here, each of the top-ranked models included
constant apparent survival, while all else varied with site (Table 2-2b-e).
In the model where we included age classifications and 1 SE time windows, mean (± SE;
95% CI) detection rate was 0.048 (± 0.006; Table 2-3a). Detection rates increased to 0.062 (±
0.010), when we increased the SE of the interval for time windows. Our highest estimates of
detection did not rely on age classifications. Mean detection was estimated at 0.072 (± 0.006),
0.073 (± 0.006), 0.092 (± 0.005), and 0.110 (± 0.006) for one, two, four, and six SEs,
respectively (Table 2-3b-e).
3.4

Number of eagles migrating through the Kittatinny Ridge System
Estimated numbers of migrants along the Kittatinny Ridge varied annually. Mean (± SE;

95% CI) local abundance ranged from 673 (± 102) to 1,493 (± 178) migrating golden eagles,
when the aging criterion was included (top-ranked model; Table 2-4a). Mean abundance ranged
from 421 (± 61) – 936 (± 107), when the aging criterion was excluded (model-averaged; Table 24b). Each of these sets of local abundance was modeled assuming that eagles would travel
between hawk-counts within one SE’s estimated time.
3.5

Number of eagles migrating through Pennsylvania
We estimated population size based on hawk-count data from five prominent sites in

Pennsylvania adjusted by rates of double-counting between sites. Double-count rates varied
between sites and were: 0.80 (i.e., 80% of birds counted at HM were also counted at SM), 0.60
(SM to WG), 0.38 (HM to WG), and 0.59 (ST to AF).
Under the scenario where eagle migration (and availability) was uniform across all sites,
mean (± SE) annual abundance across all years was 60,973 (± 15,742; range: 36,242 – 95,868)
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individuals. Our lowest population estimates were modeled assuming that availability differed
between hawk-counts. When availability was specific to site and based on the classes of
migration days (high-, medium-, and low-migration, respectively), we obtained three ten-yr
(2002-2011) sets of estimated population size. Over these three sets, mean annual population
size was 24,794 (± 6,656; range: 16,675 – 49,195) golden eagles migrating through
Pennsylvania. In our complete collection of population size estimates (n = 122 ten-yr sets),
mean annual abundance was 55,366 (± 27,699; range: 16,675 – 220,932) individuals (Figure 24). Lowest estimates occurred when we modeled population size with site-specific availability
and migration day classes, accounting for double-counts of eagles, and detection rates without
eagle ages and with six SE’s flight time (Table 2-3e). Highest population estimates occurred
when we modeled population size without accounting for double-counts of eagles for all
availability and detection rates.
3.6

Number of eagles based on detection rates from literature
To compare our estimates of population size with those based on typical detection rates,

we estimated population size using our availability rates and detection rates for migrating raptors
from recent literature (Berthiaume et al., 2009, Farmer et al., 2010, Nolte, 2012, Sattler and Bart,
1984). Due to the inflated SE (i.e., ± 0.288) for detection rates from Farmer et al. (2010), we
include population size estimates with their rates and without them. With detection estimates
from their work, mean population size (mean ± SE) was 9,516 ± 8,767 golden eagles migrating
in Pennsylvania during November 2002-2011. Without detectability from Farmer et al. (2010),
mean population size was 4,784 ± 1,940 individuals.
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4.

DISCUSSION

4.1

Evaluating estimates of population size
Our models suggest that there are more eastern golden eagles than previously recognized.

It is difficult to choose which set of our modeled estimates are most reasonable, and it would be
inappropriate to assume that model output suggesting smallest population size is most accurate
simply because it is closest to previous estimates. At the same time, many of the modeled
estimates are implausibly large, and therefore, unlikely to be accurate.
Of the 122 ten-yr sets of estimated population size, we focus our discussion only on those
based on the highest detectability and availability rates because those produced the lowest
population size estimates. There are an estimated 50,000-80,000 golden eagles in North America
(Farmer et al., 2008a, Global Raptor Information Network, 2014, Hawk Mountain Sanctuary,
2014). Of these, an estimated 18,948 – 29,541 golden eagles reside in the western contiguous
United States (Nielson et al., 2011). These estimates used data collected in late summer
(August-September), so they likely exclude migrants from Alaska and western Canada
(McCaffery and McIntyre, 2005).
The eastern subpopulation of golden eagles is presumed to be much smaller that the
western population (1,000 – 5,000; Katzner et al., 2012a, Ombalski and Brandes, 2010). This is
substantially less than our smallest estimates, all of which were > 15,000 individuals. In fact,
with modeled availability rates, population estimates would be < 10,000 only when detection
rates were > 30%. Using detection rates from recent literature, we were able to estimate
population size close to the previous maximum approximation of 5,000—that is, 4,784 ± 1,940
(mean ± SE) individuals. This suggests that our detection estimates may, in fact, be implausible
and that our mark-recapture analysis may require some modifications. If we forced detection to
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42% and included our mean estimate of availability (~24%), only then were population estimates
< 5,000 individuals. Likewise, for the highest detection rate we estimated (~11%), availability
would have to be 80% for the total population size to be < 5,000 individuals.
All calculations with our detectability and availability estimates strongly suggest that the
true size of the population of golden eagles in eastern North America is larger than currently
recognized. This is especially true because 100 – 500 additional migrant golden eagles are
observed outside of the area we modeled with more likely not detected and unavailable to be
counted—at Cape May Observatory (New Jersey), Detroit River Hawkwatch-Lake Erie
Metropark (Michigan), and Hawk Ridge (Minnesota; Hawk Migration Association of North
America, 2008, Mehus and Martell, 2010).
It is clear that our low estimates for availability and detectability are driving our high
population estimates. It is certainly the case that many eagles are missed by counters, and that is
perhaps why hawk-count data are so rarely used to estimate population size. Actual detection
rates for golden eagles are likely similar to (if not, slightly greater than) that estimated for
telemetered osprey on migration in eastern North America (33.8 ± 28.8%, mean ± SD; Farmer et
al., 2010). Higher detection rates might be possible on weekends at prominent sites like Hawk
Mountain, when more public observers are present also spotting migrants. However, on
weekdays, when public observers are absent, detection might drop dramatically if only few
counters are present.
Real availability rates for golden eagles are difficult to estimate but are probably < 50%
at hawk-count sites in Pennsylvania. While it is entirely possible to estimate availability rates
based on the telemetered eagles passing close enough to hawk-counts in autumn, current rates
are very low (i.e., < 5% of paths; Miller, 2012). It is unlikely that topography around a single
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hawk-count concentrates 25% or more of the migrant population, but for some sites, true
availability may be closer to that. For example, in our mark-recapture and migration models, it
is evident that the Waggoner’s Gap (WG) hawk-count encounters large numbers of golden
eagles compared to other sites. Across all years, in our mark-recapture experiment, WG counted
1,245 golden eagles, nearly two times that of the well-staffed HM site. Further evidenced in our
migration model, a continuous migration corridor (i.e., hot-spot of simulated paths) converges on
WG and not on HM. This indicates that higher availability rates might occur where mesoscale
environmental factors (e.g., local topography and weather) produce smaller, unbroken migration
corridors around some hawk-counts in Pennsylvania. It is possible that minor ridgelines (< 650
m in elevation), immediately north of the southernmost sites, may collect and funnel more
migrants toward sites like WG. This could produce higher eagle availability rates at similar
sites, yet this is not known at present.
4.2

Golden eagle conservation in eastern North America
The eastern subpopulation of golden eagles may be increasing (Farmer and Smith, 2010).

During the period 1974 – 2004 numbers of golden eagles counted increased consistently in
eastern North America (Farmer et al., 2008b); although this trend has not continued since 2004
(Hawk Migration Association of North America, 2008). Despite these trends, our migration
model indicates that a large proportion of the total population may fly less frequently near hawkcount sites than is expected in Pennsylvania, especially in areas outside of the Ridge and Valley
physiographic province. Away from prominent ridgelines, thermal uplift might be available
more often for individuals to thermal-soar and glide, which we know is a faster and more direct
mode of transportation than slope-soaring (Duerr et al., 2012). It is clear that this flight behavior
could have a negative influence on eagle availability and detectability. Further support that more
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migrants are missed than previously thought, the probability of a golden eagle migrating on a
given day increases with presence of weather conditions associated with generating thermal
uplift (Duerr et al., in review).
Though they clearly migrate away from ridgelines where orographic uplift is not
generated, golden eagles will still use this uplift form in slope-soaring flight for the majority of
total migration time in autumn (Duerr et al., in review, Miller et al., 2014). Moreover, eagle
slope-soaring behavior has implications for rapidly increasing wind energy development in
eastern North America and Pennsylvania in particular (American Wind Energy Association,
2013). With increased development, collision with active wind turbines may become an
increasing threat to eastern golden eagles, especially because individuals use slope-soaring more
often when thermals are diminished in autumn (Brandes et al., 2009, Miller et al., 2014, United
States Fish and Wildlife Service, 2013, Watson, 2010). Eagle fatalities from collisions with
turbines are well documented worldwide, which may warrant conservation action with respect to
protecting (regionally moving) autumn migrants and (locally moving) winter residents from
potential conflicts (Fielding et al., 2006, Hunt, 2002, Katzner et al., 2012b, Madders and
Whitfield, 2006, Miller et al., 2014, Pagel et al., 2013, Smallwood and Thelander, 2008). In
order to develop conservation action plans, managers require increased knowledge of
demography for species of concern, including eastern golden eagles (United States Department
of Interior, 2013, United States Fish and Wildlife Service, 2013). Our research highlights one
potential mechanism to get at this information.
4.3

A novel approach for estimating population size
Though monitoring raptor populations is challenging, our study demonstrates the

feasibility of using hawk-count data to inform estimates of population size. However, we
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caution that the technique needs further refining before its results are used in conservation
planning. Our migration model clearly illustrates that many more eagles may be missed than
previously recognized. At the same time, although our estimates of detectability and availability
were exceptionally low, comparisons with recent telemetry data suggest that the general
movement patterns produced with our migration model are reasonable and that the availability
and detectability rates we estimated are similar to those expected for these birds. Despite this
fact, we believe that our approach would likely benefit from improved estimation of availability
and detectability rates. Estimation of rates might improve through identification of currently
unknown relationships between golden eagles and the intrinsic and extrinsic factors that
influence their migratory movements (Nathan et al., 2008). It could be possible that there are
smaller areas in the region where golden eagles migrate more frequently along prominent
ridgelines—perhaps, due to some unidentified internal navigation, external topographic, or
weather factors (Thorup et al., 2006). One example of an unknown relationship might involve
differences in eagle migration at scales smaller or larger than 90 m2 grid resolution (i.e., based on
zonal landscape features and ambient uplift on eagle movements). Specifically, a hawk-count
site in the Ridge and Valley province might be surrounded by long-linear ridgelines in very close
proximity (< 1 km). In this type of area, migrants might be brought closer together in greater
numbers than at a site positioned many km away from other prominent, topographic features. In
addition, individuals flying at lower altitudes (associated with slope-soaring) may also be missed
more often due to being difficult to see on adjacent ridges.
There are also some limitations in how we modeled detection rates, which warrant further
investigation. First, we could not assess variation in detection with distance, vegetation (landcover), or topography; though these covariates are important factors that could affect detection at
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hawk-counts (Buckland et al., 2001). Second, our virtually-constructed capture histories may
misrepresent migrant eagles along the Kittatinny. Although we manually confirmed numerous
“captures” and “recaptures” based on our matching criteria, there could be problems with our
virtual framework for building capture histories. For example, if hawk-counters truly were not
consistent in eagle age classifications, then our capture histories may violate the tag loss
assumption in Jolly-Seber modeling (Schwarz and Arnason, 2013). Any mismatched eagle (e.g.,
incorrect count date, encounter time mistakes, and/or misclassified ages) constitutes tag loss in
our design and would bias our detection estimates and reduce precision in our estimates
(Arnason and Mills, 1981, Margalida et al., 2011). When we excluded age classifications in
building eagle capture histories, detection rates increased, and this may indicate violation of the
no tag-loss assumption.
4.4

Implications: Citizen-science data are useful in population size estimation
This exercise demonstrates the utility of using citizen-science data to address a pressing

conservation goal: estimating population size for a species of regional concern. Both the
migration and mark-recapture models suggest that a large proportion of migrant golden eagles
are likely being missed by hawk-count observers in Pennsylvania. This is important because
sampling to estimate population size depends on understanding the relationship between the size
of the sample and the size of the population. Nonetheless, hawk-count data are useful because of
their standardized collection and relatively low cost to research (Bildstein et al., 2008, Dunn et
al., 2008, Hawk Migration Association of North America, 2006), while the monetary investment
involved with collection and analysis of other data types can be much greater. The accessibility
of such large, historic datasets allowed us to assess demography of a species of regional
conservation concern. Future work with citizen-science data might focus on further
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standardization of their collection, increased counting coverage in terms of number of observers
and time, applications with other migrant raptor species, and investigations into better estimating
availability and detectability for estimates of population size.
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TABLES
Table 2-1. Candidate model set, parameter descriptions, and biological interpretations of parameters in POPAN Jolly-Seber markrecapture.
Model Description

Apparent Survival, Φ

Detection Rate, p

System Entry, pent

Local Population Size, N

Fully time-dependent

Site-dependent

Site-dependent

Site-dependent

Site-dependent

Φ(t)p(t)pent(t)N(t)

Eagles do not adhere to
ridgeline

Detection rate
varies among sites

Entry into system
differs between sites

Local abundance varies
by site

Constant apparent survival

Constant

Site-dependent

Site-dependent

Site-dependent

Φ(.)p(t)pent(t)N(t)

Eagles adhere to the
ridgeline

Detection rate
varies among sites

Entry into system
differs between sites

Local abundance varies
by site

Constant system entry

Site-dependent

Site-dependent

Constant

Site-dependent

Φ(t)p(t)pent(.)N(t)

Eagles do not adhere to
ridgeline

Detection rate
varies among sites

Entry into system is
the same between sites

Local abundance varies
by site

Constant survival, entry, and
local abundance

Constant

Site-dependent

Constant

Constant

Eagles adhere to the
ridgeline

Detection rate
varies among sites

Entry into system is
the same between sites

Local abundance does
not vary by site

Φ(.)p(t)pent(.)N(.)
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Table 2-2. Model summaries and ranks for different, POPAN Jolly-Seber model sets. The
capture history type corresponds to both how we estimated time windows (“timing criterion,”
using ridgeline distance and mean flight speed for slope-soaring eagles; Duerr et al., 2012) and
whether or not we included age class information (“aging criterion,” from historic hawk-count
data) to match individual eagles and construct unique capture histories. Parameters in POPAN
Jolly-Seber are probability of apparent survival (Φ), system entry (pent), recapture (p), and
estimated superpopulation size (N). We modeled the parameters either constant (.) or variable (t)
with respect to hawk-count site. All candidate models included detection probability (p) varying
with site.
Capture History Type

Model Description

Delta AICc

AICc Weight

Model Likelihood

No. Parameters

A) 1 SE timing criterion

Φ(t)pent(.)N(t)

0.0

0.996

1.000

19

With aging criterion

Φ(.)pent(t)N(t)

11.1

0.004

0.004

18

Φ(t)pent(t)N(t)

17.3

0.000

0.000

20

Φ(.)pent(.)N(.)

113.1

0.000

0.000

8

B) 1 SE timing criterion

Φ(.)pent(t)N(t)

0.0

0.542

1.000

18

Without aging criterion

Φ(t)pent(.)N(t)

0.7

0.387

0.714

19

Φ(t)pent(t)N(t)

4.1

0.071

0.132

20

Φ(.)pent(.)N(.)

589.5

0.000

0.000

8

C) 2 SE timing criterion

Φ(.)pent(t)N(t)

0.0

0.551

1.000

18

Without aging criterion

Φ(t)pent(.)N(t)

0.8

0.377

0.684

19

Φ(t)pent(t)N(t)

4.1

0.073

0.132

20

Φ(.)pent(.)N(.)

527.3

0.000

0.000

8

D) 4 SE timing criterion

Φ(.)pent(t)N(t)

0.0

0.669

1.000

18

Without aging criterion

Φ(t)pent(.)N(t)

2.0

0.243

0.363

19

Φ(t)pent(t)N(t)

4.1

0.088

0.132

20

Φ(.)pent(.)N(.)

48.7

0.000

0.000

8

E) 6 SE timing criterion

Φ(.)pent(t)N(t)

0.0

0.840

1.000

18

Without aging criterion

Φ(t)pent(t)N(t)

4.1

0.110

0.132

20

Φ(t)pent(.)N(t)

5.7

0.049

0.058

19

Φ(.)pent(.)N(.)

285.3

0.000

0.000

8
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Table 2-3. Summary of the real estimates for detectability (mean ± SE; 95% CI) per candidate set (Table 2-2). When we exclude the
aging criterion, mean detectability increases as the timing criterion increases.
Capture History Type
A) 1 SE timing criterion
With aging criterion

Low Detection
0.0422

Mean Detection
0.0483

High Detection
0.0543

B) 1 SE timing criteriona
Without aging criterion

0.0620

0.0720

0.0780

C) 2 SE timing criteriona
Without aging criterion

0.0614

0.0728

0.0842

D) 4 SE timing criteriona
Without aging criterion

0.0821

0.0920

0.1020

E) 6 SE timing criteriona
Without aging criterion

0.0984

0.1100

0.1208

a

Detection rates based on model-averaging the real estimates of p per candidate set.
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Table 2-4. November estimates of population size (mean (± SE); 95% CI) per year based on the derived estimates of the top-ranked
model in candidate set A and the model-averaged, derived estimates in candidate set B (Table 2-2), both with capture histories using
the 1 SE timing criterion.
Year
Estimate
With aging criterion

Estimate
Without aging criterion

2002
823
(116)

2003
1,469
(176)

2004
872
(121)

2005
1,082
(141)

2006
1,244
(156)

2007
913
(125)

2008
1,493
(178)

2009
673
(102)

2010
1,086
(141)

2011
774
(112)

545
(72)

919
(105)

545
(72)

665
(83)

756
(91)

576
(75)

936
(107)

421
(61)

682
(85)

515
(70)
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FIGURE CAPTIONS
Figure 2-1. a) Simulation modeling area: the central Appalachian Mountain range in
Pennsylvania, USA. b) Mark-recapture modeling area: the Kittatinny Ridge System. Markrecapture sites ( ), from northeast to southwest, are: Little Gap, Bake Oven Knob, Hawk
Mountain Sanctuary, Second Mountain, and Waggoner’s Gap.
Figure 2-2. Subset of simulated migration routes (n = 3) passing an existing hawk-count site to
illustrate availability v. detectability. There are three types of eagles in relation to the mean
sightability distance (within 3 km) for hawk-count observers with respect to eagle availability: an
eagle that is both available to be counted and is counted, an eagle that is both available to be
counted yet not seen and uncounted, and an eagle that is both unavailable to be counted thus not
seen and uncounted. There are two types of eagles in relation to the mean sightability distance
for hawk-count observers with respect to eagle detectability: an eagle that is detected (both
detectable and counted) and an eagle that is undetected (both detectable yet not seen and
uncounted). Detectability does not let us account for eagles that are both undetectable and
uncounted beyond the mean sightability distance, so we incorporate availability to do so into our
estimation procedure. In this example, for this site, eagle availabilty equals ~67% (2 / 3
available eagles), while eagle detectability equals 50% (1 / 2 detectable eagles).
Figure 2-3. Jolly-Seber (POPAN parameterization) mark-recapture model overlaid on select
hawk-count sites in the Kittatinny Ridge System, where: penti-1 is the probability of system entry
(an influx of new eagles) before each site (i), pi is the probability of recapture (detection) at each
site, Φi is the probability of apparent survival (eagle adherence to the ridgeline) over the interval
between sites, and N is the estimated total abundance over the entire study area.
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Figure 2-4.

Variation in ten-yr sets (n = 122) of estimated population size during November

2002-2011 in Pennsylvania. To estimate population size, we used November data from the
following hawk-counts: Allegheny Front, Stone Mountain, Waggoner’s Gap, Second Mountain,
and Hawk Mountain Sanctuary (Hawk Migration Association of North America 2008). We
modeled population size with numerous separate assumptions about eagle availability and
detectability. Lowest estimates population size involved highest estimates of detectability and
site-specific estimates of availability based on classes of high-, medium-, and low-migration
days. Highest estimates of population size involved the lowest estimates of detectability and
uniform estimates of availability.
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Figure 2-1.
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Figure 2-2.

102

Figure 2-3.
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Figure 2-4.
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APPENDIX A
Algorithm steps for the migration model, which simulates flight routes of golden eagles in
Pennsylvania, USA.
Step 1
0,0
1,0
2,0

0,1
0.225
0.3

BASE PROBABILITY GRID
0,2
POSITION
0.225

0,0
1,0
2,0
Average lift
1.6

0,1
1
1.5

LIFT GRID: TOTAL LIFT AVAILABLE
0,2
POSITION
3

0,3
1
1.5

0,0
1,0
2,0

0,1
0.625
0.9375

LIFT DIVIDED BY AVERAGE LIFT
0,2
POSITION
1.875

0,3
0.625
0.9375

0,0
1,0
2,0
Sum for step 4
1.0625

0,1
0.140625
0.28125

MULTIPLY CELLS FROM STEPS 1 & 2
0,2
POSITION
0.421875

0,3
0.03125
0.1875

Step 2

Step 3

Step 4
0,0
1,0
2,0
Step 5
0,0
1,0
2,0
Step 6

NORMALIZATION: TRUE PROBABILITY GRID
0,1
0,2
0.132352941
POSITION
0.264705882
0.397058824
RANGES TO SELECT # FROM (0 , 1)
0,1
0,2
<= 0.1323
POSITION
>0.1617, <= 0.4264
>0.6028, <= 1.0000

0,3
0.05
0.2

0,3
0.029411765
0.176470588

0,3
>0.1323, <= 0.1617
>0.4264, <= 0.6028

CHOOSE RANDOM NUMBER (0 , 1) WHICH DICTATES MOVEMENT TO NEXT CELL
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APPENDIX B
Structure of the “looking ahead” function where, only in areas of low uplift (

0 m/s), a simulated eagle can choose a location to

move to, from one of four groups (1- orange, 2- red, 3- blue, 4- green) of grid-points, in the southwesterly direction of its current
position (n). When this function is applied, the furthest a simulated eagle can move from its current position is ~0.5 km (yellow
arrow). This model behavior mimics eagle flapping flight where an individual uses its visual acuity and perceptability of local uplift
to choose an area (ahead) to fly to directly.

n -4

n -3

n -2

n -1

POSITION ( n )

n + ((1*row) - 4) n + ((1*row) - 3) n + ((1*row) - 2) n + ((1*row) - 1)

n + (1*row)

n + ((2*row) - 4) n + ((2*row) - 3) n + ((2*row) - 2) n + ((2*row) - 1)

n + (2*row)

n + ((3*row) - 4) n + ((3*row) - 3) n + ((3*row) - 2) n + (((3*row) - 1)

n + (3*row)

n + ((4*row) - 4) n + ((4*row) - 3) n + ((4*row) - 2) n + ((4*row) - 1)
n + (4*row)
Length of arrow from position to lowest left corner of grid = 0.50911 km
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APPENDIX C
Field data collected at sites spread throughout the study area during autumn, peak migration for golden eagles in 2013.
Site name

Site status

Count date

No. observers

Observer hrs

Latitude

Longitude

Elevation (m)

Golden eagles

Bald eagles

Unidentified eagles

Other raptors

Buffalo Road Vista,
Gallitizin State Park

Public access

15 Oct 2013

1

0.75

40.23329

-78.66141

839

0

0

0

0

Shaffer Road, Allegheny
Mountains

No public access

15 Oct 2013

1

6.033

40.10366

-78.71805

807

2

4

0

218

Tussey Mountain East

Public access

16 Oct 2013

1

2.5

40.73666

-77.84365

626

0

0

0

0

Millers Gap Road Tower
Pad

Public access

03 Nov 2013

3

21

40.30250

-77.06960

392

1

2

1

19

Appalachian Trail, Peters
Mountain Road

Public access

08 Nov 2013

2

10

40.41446

-76.91922

402

0

1

1

4

Millers Gap Road Tower
Pad

Public access

08 Nov 2013

2

2

40.30250

-77.06960

392

0

0

0

0

Claysburg Line Lane,
Dunning Mountain

Public access

09 Nov 2013

2

12

40.30397

-78.43174

625

3

0

0

15

Swatara State Park Helipad

Public access

15 Nov 2013

1

1.5

40.52546

-76.52752

364

0

0

0

1

Tuscarora Mountain Road

Public access

16 Nov 2013

1

4

40.43591

-77.47016

587

0

0

0

0

Path Valley Road and
Spring Run Road

Public access

16 Nov 2013

1

3.5

40.16316

-77.79863

586

0

0

0

14

Appalachian Trail, Peters
Mountain Road

Public access

19 Nov 2013

1

6

40.41446

-76.91922

402

0

2

1

20

Buffalo Road Vista,
Gallitizin State Park

Public access

20 Nov 2013

1

7

40.23329

-78.66141

839

12

1

0

13

Buffalo Road Vista,
Gallitizin State Park

Public access

21 Nov 2013

2

16

40.23329

-78.66141

839

0

0

0

2

Skelp Mountain Road,
Brush Mountain

No public access

23 Nov 2013

2

14.5

40.61485

-78.28840

608

12

2

0

14

Lookout Road, Allegheny
Mountains

Public access

30 Nov 2013

1

9

40.56713

-78.44014

781

26

6

0

8

Lookout Road, Allegheny
Mountains

Public access

04 Dec 2013

1

3

40.56713

-78.44014

781

0

1

0

1

Buffalo Road Vista,
Gallitizin State Park

Public access

04 Dec 2013

1

2

40.23329

-78.66141

839

0

0

0

1
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